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Abstract:
The measurement of river discharge is necessary for understanding many water-related issues. Traditionally, river dis-
charge is estimated by measuring water stage and converting the measurement to discharge by using a stage–discharge
rating curve. Our proposed method for the first time couples the measurement of water-surface width with river
width–stage and stage–discharge rating curves by using very high-resolution satellite data. We used it to estimate
the discharge in the Yangtze (Changjiang) River as a case study. The discharges estimated at four stations from
five QuickBird-2 images matched the ground observation data very well, demonstrating that the proposed approach
can be regarded as ancillary to traditional field measurement methods or other remote methods to estimate river
discharge. Copyright  2004 John Wiley & Sons, Ltd.
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INTRODUCTION
Many applications of both water resource management and agricultural management require knowledge of
river discharge. Currently, river discharge is estimated by directly measuring flow in the field, and is derived
from stage data through the use of a stage–discharge rating curve. Despite the importance of river discharge
information, any comprehensive monitoring network faces numerous technological, economic, and institutional
obstacles (Vorosmarty et al., 1999). For many rivers, discharge measurements are either nonexistent or not
available quickly. This is especially true in underdeveloped countries, for whom the cost of establishing and
maintaining a dense network of stream gauges is prohibitive. During flood season, it is usually impossible or
impractical to measure peak discharges, even though peak information is very important. For example, road
closures might make it impossible to reach a site, or torrential floods may make it unsafe to use conventional
methods. Consequently, many peak discharges must be determined by indirect methods after the flood has
passed. Thus, a method that uses remotely sensed data to estimate discharge would be beneficial from an
economic or safety perspective and will enhance discharge monitoring methods.
Satellite data could provide unprecedented global coverage of critical hydrologic data that are logistically
and economically impossible to obtain through ground-based observation networks. The potential of remote
sensing to provide information to hydrologists and water resource practitioners has long been recognized
(Usachev, 1983; Liu et al., 1983; Koblinsky et al., 1993). The increasing number of satellites and airborne
platforms, along with advances in computer hardware and software technology, make it possible to measure
and evaluate large numbers of watershed physical characteristics and state variables (Brakenridge et al.,
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1994; Birkett, 1995, 1998; Al-Khudhairy et al., 2001). The ability to monitor rivers by satellite will become
increasingly valuable and important to scientists attempting to understand rivers and the hydrologic cycle.
Up to now, only a few studies have used satellite data to estimate river discharge. Smith et al. (1995, 1996;
Smith, 1997) suggested that European remote sensing (ERS) synthetic aperture radar (SAR) data are suitable
for estimating instantaneous discharge over several channels of a braided river. However, it is probably not
possible to use this technique successfully for braided rivers smaller than the one Smith and coworkers studied,
owing to the 25 m nominal spatial resolution of ERS SAR data. Costa et al. (2000) described an experiment
to take non-contact, open-channel discharge measurements. They used ground-penetrating radar and pulsed
Doppler radar, to measure channel cross-sectional area and surface velocity respectively. However, this local
approach lacks the broad-scale view necessary for defining discharge in complex lowland terrain with water
bodies and wetlands (Alsdorf et al., 2001b). Centimetre-scale water-level changes have been measured by
using satellite radar altimeter data (Birkett, 1998) and interferometric processing of SAR data (Alsdorf et al.,
2000, 2001a). As altimetry is a profiling and not an imaging technique, it is applicable only to water bodies
greater than about 1 km in width. Interferometric radar measurements of water-level changes require the
acquisition of two SAR images from identical (or nearly identical) viewing geometries, and the two images
are coregistered to sub-pixel accuracy for subtraction of the complex phase and amplitude values of each
pixel.
On the basis of these studies, two possible approaches to estimating river discharge by using satellite-based
data can be summarized as follows:
1. Measure the water surface level by using radar altimeter data or interferometric radar techniques; then
convert the data to river discharge via a stage–discharge rating curve.
2. Correlate satellite-derived water surface areas with ground measurements of discharge.
The first approach is restricted to large rivers, and its complicated process usually makes it difficult to use.
One major obstacle of the second approach is that a large number of satellite images are required in order to
construct an empirical rating curve between satellite-derived water information and river discharge.
Since the launch of the IKONOS satellite in 1999 and the QuickBird-2 satellite in 2001, images with very
high ground resolution (1 m scale) have been commercially available. These images make detailed Earth
observations feasible in a way not provided by other medium- to small-scale images, such as those from
Landsat and SPOT. It is now possible for hydrologists to tackle previously unsolved questions; for example,
hydrographic information obtained from satellite data can be used for estimating river discharge. As an adjunct
to traditional methods or other remote methods, we have developed an efficient method that focuses on the
measurement of water-surface width coupled with river width–stage and the stage–discharge relationship,
and have validated it in the Yangtze River.
ESTIMATING RIVER DISCHARGE FROM VERY HIGH-RESOLUTION SATELLITE DATA
Fundamentals of river discharge estimation
The discharge Q at a river cross-section is the volumetric flow rate through that cross-section, and can be
given by
Q D
∫
A
VdA 1
A D WY 2
where V is the average velocity, W is the water-surface width, Y is the average depth, and A is the cross-
sectional area perpendicular to the flow direction. Discharge estimation requires the determination or estimation
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of the channel cross-sectional area, including average depth, width, and average stream flow velocity. Remote
data collection by aerial photography and satellite imagery is restricted to surface features, such as channel
width and water-surface width, but not Y or V (Costa et al., 2000). Famous hydraulic relations, such as the
Manning equation, have been used to estimate velocity from the channel geometry (Chow, 1959). Use of this
equation requires knowledge of the channel resistance, which is typically understood to be a function largely
of the sediment conditions within the channel. Since information on the specific sediment conditions within
a channel reach cannot be obtained directly from satellite or aerial imagery, the Manning equation cannot
be used directly to estimate discharge. Some researchers (Williams, 1978; Dingman and Palaia, 1999) have
noted the strong relationship between river discharge and water-surface width (channel forming). This kind of
relationship is the starting point for determining discharge from satellite-derived information if enough satellite
imagery can be collected to determine the relationship between satellite-derived water width and discharge
measured in situ. For almost all medium to large rivers, stage–discharge rating curves have been constructed
for control sections along the rivers, and the corresponding river channel geometry has been measured and
updated every year. This information forms the foundation for estimating discharge from satellite data. Through
the use of the stage–discharge rating curve and channel geometry, satellite-derived water-surface width can
be converted to river discharge. The critical problem is how to measure water-surface width with satisfactory
accuracy.
The QuickBird-2 satellite, which was launched on 18 October 2001, is currently the only spacecraft
able to offer sub-metre resolution imagery. Table I gives some specifications of this satellite. A remarkable
characteristic of QuickBird-2 imagery is that its spatial resolution has reached 0Ð61 m (nadir). This means it
can be used to determine water-surface width with satisfactory accuracy.
Estimating river discharge
Once the relationships between river discharge and river stage and between river stage and water-surface
width have been established, they can be used to estimate river discharge from satellite data alone. Our method
(Figure 1) can be summarized as follows:
1. Construct stage–discharge rating curve according to hydrologic data from the study site.
2. Field-survey the channel geometry or construct the relationship between water-surface width and water
stage according to hydrologic data from the control cross-section.
3. Identify and measure water-surface width in the control cross-section from QuickBird-2 imagery.
4. Convert satellite-derived water-surface width to water stage on the basis of information collected in step 2.
5. Convert water stage to river discharge from curve constructed in step 1.
The crucial step in this method is determining the water-surface width precisely enough. This method has
limited utility without very high-resolution satellite data. The expected accuracy of this method is subject to
Table I. General specifications of QuickBird-2 satellite
Item Features Item Features
Orbit altitude 450 km Panchromatic pixel size 0Ð61 m (Nadir)
Average revisit time 1–3Ð5 days Panchromatic spectral range 450–900 nm
Field of regard š30° Multispectral pixel size 2Ð44 m (nadir)
Scene size Snapshot: 16Ð5 ð 16Ð5 km2 Multispectral spectral range Blue 450–520 nm
Area: 32 ð 32 km2 Green 520–600 nm
Strip: 16Ð5 ð 165 km2 Red 630–690 nm
NIR 760–900 nm
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Figure 1. Flowchart of the proposed method for estimating river discharge
statistical variance in the natural hydrologic systems used to calibrate the method, and in the resolution of the
remote imagery.
CASE STUDY IN YANGTZE RIVER
Study area
The Yangtze (Changjiang) River, the largest river in China and third largest in the world, originates in the
Qinghai Tibet Plateau and flows about 6300 km eastwards to the East China Sea. We selected four sites in
the Yangtze River (Figure 2) to validate the proposed method.
Datong (117Ð62 °E, 30Ð76 °N), located in the lower reach of the Yangtze River, about 624 km from the
Yangtze Estuary, is the last hydrological gauging station located in the main stem of the Yangtze River before
the river water flows into the East China Sea. The drainage area above Datong hydrological gauging station
is about 1Ð705 ð 106 km2
Luoshan (113Ð32 °E, 29Ð65 °N) is located in the middle reach of the Yangtze River, about 1345 km from
the Yangtze Estuary. Almost every year, the area is visited by floodwaters. The drainage area is about
1Ð296 ð 106 km2. According to historical data, in an ordinary year the discharge range is approximately
0Ð45–6 ð 104 m3 s1.
Yichang (111Ð28 °E, 30Ð70 °N), a communication hub for Sichuan and Hubei Provinces, is located in western
Hubei, in the upper–middle reach of the Yangtze River, about 1837 km from the Yangtze Estuary. Yichang
is known as the ‘Gateway to the Three Gorges’. The GeZhouba Dam, completed at the end of the 1980s,
is located here, and the famous Three Gorges Dam is only about 40 km to the north. The drainage area
above Yichang hydrological gauging station is about 1Ð003 ð 106 km2. According to historical data, in an
ordinary year the discharge range is approximately 2Ð0–4Ð0 ð 104 m3 s1 during the flood season to only
about 0Ð4 ð 104 m3 s1 during the dry season.
Cuntan (106Ð63 °E, 29Ð64 °N) is located in the upper reach of the Yangtze River, about 2506 km from the
Yangtze Estuary. It is one of the most important hydrological gauging stations located in the main stem of
the Yangtze River and the drainage area is about 0Ð867 ð 106 km2.
Relationship between river stage and discharge
The conversion from river stage to discharge is made with a stage–discharge rating curve. The curves for
the four sections have changed frequently in recent years, because of the huge amount of the discharge and
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Figure 2. Location of study sites on the Yangtze River
sediment settling and transportation in the river. To reflect the real discharge of the corresponding data of the
hydrological stations more exactly, it is necessary to use updated water stage and discharge data rather than
historical data. Therefore, four recent years (1998–2001) of water stage and discharge data were acquired
at the local hydrological gauging stations. The correlations between H (water stage) and Q (discharge) are
plotted in Figure 3. The best power functions are:
Q D 891Ð66H1Ð586 R2 D 0Ð99, for Datong 3
Q D 0Ð0719H3Ð8813 R2 D 0Ð99, for Luoshan 4
Q D 1010H8Ð5640 R2 D 0Ð99, for Yichang 5
Q D 0Ð9603H3 C 535Ð13H2  96369H C 5Ð657 ð 106 R2 D 0Ð99, for Cuntan 6
Once a relationship has been established, it can be used to convert river stages to river discharges.
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Figure 3. Stage–discharge rating curve for the Yangtze River
River channel geometry in the control cross-section
To convert satellite measurement data to discharge data, it is essential first to measure the geometry of the
river channel or to determine the relationship between water-surface width and water stage. Figure 4 shows
the river channel geometry at each study site. Obviously, the river channels at those sites are trapezoidal,
where small changes in depth produce corresponding changes in water-surface width, making it possible to
derive water stage from water-surface width. In order to convert water-surface width to water stage, a look-up
table should be built based on the river channel geometry. In a normal year, the water stage in Yichang
section ranges from 38 to 55 m. Table III gives the look-up table of water stage and water-surface width in
the Yichang section. Similar procedures were applied to other sections.
Field survey of ground control points
Highly accurate ground control points (GCPs) are necessary in order to rectify QuickBird-2 satellite imagery.
A field survey was carried out in February 2002 to select and measure GCPs accurately. Three dual-frequency
global positioning system receivers were used in the survey (Trimble 4000SSE and 4000SSI). For each study
site, more than 20 GCPs (including two at the cross-section) were surveyed. The computation was carried out
Table II. Specifications of the QuickBird-2 images used to estimate discharge
Acquired date Cover area Centre location Resolution (m)
29 Mar 2002 03:23:27GMT Yichang 111Ð2808 °E, 30Ð6864 °N 0Ð64
04 Jun 2002 03:18:01GMT Yichang 111Ð2792 °E, 30Ð7152 °N 0Ð64
03 Nov 2002 03:08:13GMT Luoshan 113Ð3237 °E, 29Ð6547 °N 0Ð61
12 Jan 2003 02:46:37GMT Datong 117Ð6193 °E, 30Ð7641 °N 0Ð63
03 Dec 2002 03:39:35GMT Cuntan 106Ð6325 °E, 29Ð6408 °N 0Ð64
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Figure 4. Cross-sectional geometry in the Yangtze River
with the GAMIT program from the Massachusetts Institute of Technology. Finally, geographic coordinates
in the WGS-84 datum and three-dimensional coordinates in the UTM system were obtained. The horizontal
standard errors of these control points were better than 0Ð05 m.
Identification and measurement of water-surface width from satellite imagery
Three QuickBird-2 images from four study sites have been acquired. The specifications of these images
are listed in Table II. Figure 5 is a QuickBird-2 image of the Yichang section acquired on 29 March 2002.
Extracting quantitative water information from imagery is a critical step in estimating discharge. Before trying
to determine the water width information from satellite imagery, we must rectify the imagery to a suitable
projection.
As the study sites in which we are interested belong to small and flat-water surfaces, we rectify the satellite
imagery by applying polynomial modelling instead of orthorectification. Figure 6 is a GCP distribution map of
the Yichang section, which was plotted by a surveyor. About 10 GCPs were selected to rectify the imagery to
an azimuthal equidistant map projection. The processing described here was done with the image-processing
software ERDAS Imagine 8Ð4. Two GCPs at the control cross-section were selected and measured (Figure 6).
Two points, where the cross-section line intersects the river’s edges, were identified from the QuickBird-2
images (Figure 7). The distance between those two points is the water-surface width B, which was measured
with measurement tools in ERDAS Imagine. Figure 8 shows a flowchart of the proposed procedure for
calculating B. The water-surface width on the image is 668Ð86 m for the Yichang section acquired on 29
March 2002.
Estimating river discharge and comparing it with ground-measured discharge
Using the width obtained 668Ð86 m from the above procedure, the corresponding water stage H was
calculated from the corresponding look-up table (Table III) as 39Ð82 m. From Equation (5), the water stage
was converted to a discharge Q D 5050 m3 s1 for the Yichang section.
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Figure 5. QuickBird-2 satellite image of Yichang section in the Yangtze River (acquired on 29 March 2002): (a) the QuickBird-2 image;
(b) control cross-section on the left river bank; (c) the zoom of the left river bank on the control cross bank; (d) photograph of the left
riverbank at the Yichang control section
From Table II, we know that the acquisition time (Greenwich mean time, GMT) of this image was 03:23h,
29 March 2002. Yichang is located eight time zones east of GMT, so the acquisition time can be converted
to the local time of 11:23h, 29 March 2002. So the satellite-derived discharge in the Yichang section of the
Yangtze River at 11:23h on 29 March 2002 was 5050 m3 s1.
We also collected river discharge data from the Yichang hydrological gauging station. The measured
discharge at 08:00h on 29 March 2002 was 5150 m3 s1. It can be seen that the difference between the
estimated and measured discharge at Yichang section is 100 m3 s1; thus, the accuracy is 97% (Table IV).
By using the same procedures and corresponding equations, we processed other QuickBird-2 imageries
acquired in 2002 and 2003. Table IV lists satellite-derived discharge and ground-measured discharge in the
main hydrological stations in the Yangtze River. Generally speaking, the calculated results agree well with the
ground-measured data, demonstrating that the present method can be used for discharge estimation in rivers.
DISCUSSION
Result analysis and improvement
The spatial resolution of most of the current satellite imagery data is too coarse to be used to determine
accurate water edge lines for estimating discharge. However, the QuickBird-2 image, with very high spatial
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Table III. Look-up table of water stage and
water surface width at the Yichang control
cross-section
Water stage Water surface width (m)
55 781Ð54
54 778Ð79
53 775Ð22
52 771Ð33
51 766Ð81
50 762Ð29
49 755Ð76
48 751Ð20
47 746Ð41
46 741Ð30
45 736Ð33
44 715Ð29
43 710Ð95
42 697Ð34
41 689Ð18
40 672Ð83
39 651Ð00
38 643Ð79
Table IV. Comparison between satellite-derived and ground-measured discharge
Station Water-surface River discharge m3 s1 Accuracy (%)
width (m)
Satellite-derived Time Ground-measured Time
Yichang 669 5 050 11:23am 5 150 8:00am 98
735 14 163 11:18am 14 600 8:00am 97
Luoshan 1 587 18 326 11:08am 19 700 8:00am 93
Datong 1 747 18 333 10:46am 17 700 8:00am 96
Cuntan 471 4 278 11:39am 4 650 8:00am 92
resolution, provides a good basis for identifying and monitoring water-related structural changes. This has
made our proposed method reliable and easy to use.
We have identified two sources of error. (1) Systematic error in the water stage–discharge rating curve at
the control cross-section. Owing to the complicated hydraulic system in the Yangtze River, error exists when a
water stage value is converted to river discharge by using the water stage–discharge rating curve. For example,
Figure 3 shows that, at a water stage of H D 40 m, the corresponding field-measured discharge Q varies from
3700 to 5660 m3 s1. In this study section, discharge is a function not only of water stage but also of slope.
To improve the accuracy of conversion from water stage to discharge, a more complex function should be
formulated, one that takes into account water stage, water surface slope, and other factors. (2) Differences in
time of acquisition between the satellite and the gauging station. For example, QuickBird-2 took its image
of the Yichang section at 11:23h, whereas the measurement at the Yichang hydrological gauging station was
taken at 08:00h. Water current changes on time scales shorter than this.
Restriction and potential for application to other rivers or water bodies
The methodology described in this paper allows us to estimate river discharge from very high-resolution
satellite data. This result was not possible before this source of data was available for non-military applications.
Copyright  2004 John Wiley & Sons, Ltd. Hydrol. Process. 18, 1927–1939 (2004)
1936 K. XU ET AL.
Figure 6. Map of the ground control points (GCPs) in the Yichang study area
However, the cost of images, sampling frequency, and cloud cover restrict its use. Thus, it supplements
traditional methods or other remote methods instead of replacing them. Rapid improvements in satellite
technology should bring down prices and improve the sampling frequency. Some commercial satellites with
1 m resolution SAR data have or will be launched in the near future (e.g. RADAR1 (2002), SkyMed COSMO
(2002), and Terra SAR-X (mid-2005)). Their data will be compatible in resolution with optical systems such
as QuickBird-2. Optical sensor data are restricted by cloud conditions, but SAR data can be obtained in any
weather conditions. The use of SAR data will make our method more valuable.
This method can be applied to other large, medium-sized, or even small rivers where small changes in
depth produce corresponding changes in surface-water width, and stage–discharge curves and river channel
geometry can be determined by stream gauging. In the case of small rivers, however, certain influences that
could be ignored for large rivers must be taken into account. These include encroachment by vegetation and
debris, which can result in a significant reduction in bank-full width. Differences between active and bank-full
widths in smaller rivers should be determined before this method is used.
For river sections where neither river channel geometry nor relationship between water stage and water-
surface width are available, determination of absolute discharge poses a more difficult problem. However, if
a series of satellite imagery covered the same river section from the dry season through to the flood season,
and if the instantaneous discharge was measured on the ground, then it would be possible to construct the
rating curve between satellite-derived section width (or area) and discharge. Based on this rating curve, it
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Figure 7. Water-surface width at the Yichang control cross-section
would be possible to estimate discharge from satellite images. The weakness of this method is that a lot of
satellite imagery covering the study site must be acquired; this will be time-consuming and costly.
A similar approach can be used in other, related fields. For example, the extent, elevation, and volume of
water bodies are important parameters for assessing the state of lakes, reservoirs, or wetlands. Water stage
is another important parameter for understanding and managing large storages in lakes and reservoirs. In
this case, our method makes it possible to infer water elevations from satellite images. Relations between
water depth and other measurable parameters can be used to convert remotely measured areas of lakes or
reservoirs into volumes. This is particularly true of cases where small changes in depth produce large changes
in perimeter and area.
Prospects
Discharge estimations require determination or estimation of the channel cross-sectional area, including
average width and depth, as well as average stream flow velocity. Current satellite imagery and other remote
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Figure 8. Flowchart of the proposed method for calculating water surface width
data sources are restricted in their ability to determine channel and water-surface width, channel slope, and
channel platform shape. Recent advances in satellite-borne lidar and radar sensors allow the potential for
direct measurement of surface velocity in rivers at discrete points in a channel section. Depth and average
velocity are the two critical hydrographic variables that cannot, at present, be directly assessed from satellite
imagery or other remote data sources. Thus, any method of estimating discharge from remote data sources
must, at a minimum, be able to estimate the channel depth. Given surface velocity as a measured variable,
a method must also be developed that can use point surface velocity to estimate the average velocity in a
channel reach. An advantage of using surface velocity as an input variable is that discharge can be measured
directly at any given time, provided that appropriate estimations of average velocity and depth are derived.
This kind of method has the potential to be useful for remote regions of the globe where in situ data are not
readily available.
CONCLUSIONS
Traditionally, a river’s discharge is monitored by measuring its water stage and then converting it to river
discharge by using a stage–discharge rating curve. As an adjunct to the traditional method, the method
described in this paper for the first time focuses on the estimation of river discharge from very high-resolution
satellite data. The method is based on a series of simple procedures: water-surface width measurements
coupled with river width–stage and stage–discharge rating curves derived from field survey. Using QuickBird-
2 imagery, we used the method to estimate the discharge in the Yangtze River. The estimated discharges at
four stations matched the ground measurements very well, suggesting that this approach may be useful for
discharge estimation for other medium and large rivers.
Furthermore, because remotely sensed images can be captured more readily these days at high resolution,
efficient methods to convert satellite data to geographic information, like the one proposed here, should be
very useful for extracting up-to-date and accurate water-related information.
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